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Thermal energy storage technologies through solid/liquid phase change materials (PCMs) use 
the thermodynamic principles of melting and solidification to absorb and release thermal 
energy. In the ideal case, this technology allows to charge and discharge relatively high amounts 
of thermal energy at a constant, unique temperature. However, for most commercially available 
technical-grade solid/liquid PCMs melting and solidification cannot be assigned to a single, 
unique temperature. Instead, the phase transition takes place over a temperature range in which 
solid and liquid phases coexist. Moreover, supercooling sometimes causes hysteresis in the 
phase transitions depending on the applied heating and cooling rates. These phenomena cause 
non-ideal phase transition behaviour and generally reduce the applicability of the PCMs. PCM 
models which can reproduce this non-ideal behaviour are crucial for the numerical analysis of 
the charging and discharging operation of latent heat storages. This contribution presents a 
generic workflow for the identification of phase transition models for industrial-grade 
solid/liquid PCMs. Adopting a purely phenomenological approach models are directly identified 
from PCM heat capacity measurement data. Thus, if the data contains information on 
temperature ranges with coexisting phases and hysteresis in the temperature induced phase 
transitions these phenomena are directly accounted for. The identified transition models predict 
liquid mass phase fractions using PCM temperature as a model input. These models are then 
used to describe apparent (effective) PCM properties in the phase transition temperature range, 
i.e. specific heat, density and thermal conductivity. Applications of the workflow are presented 
for different commercial PCMs from Climator Sweden AB. The effects of non-ideal phase 
transition behaviour on absorption and release of heat in a latent thermal energy storage are 
discussed by simulation studies. 
Keywords: Phase change materials; phase transition models; temperature induced hysteresis; 
apparent and effective material properties 
 
1. Introduction  
The performance of a latent heat thermal energy storage with solid/liquid phase change material 
(PCM) critically depends on the thermo-physical PCM properties and its phase transition 
behaviour. However, established simulation tools, for example those for building performance 
simulation, mostly ignore complex phase transition characteristics, relevant for many technical-
grade PCM used in real applications (Al-Saadi and Zhai 2013). One of the major shortcomings 
of these simulation tools is the lack of suitable models for the description of thermal hysteresis 
(Goia et al. 2018). Thermal hysteresis effects are complex in nature. They are normally induced 
  
Eurotherm Seminar #112 
Advances in Thermal Energy Storage 
 
 2 
by supercooling which is caused by complex nucleation and crystal growth mechanisms. Uzan 
et al. 2017 give an interesting introduction to mechanistic modelling approaches and an example 
to the mechanistic macroscopic modelling of solidification with supercooling.  
In contrast to the mechanistic modelling approach for the analysis of hysteresis in the 
solid/liquid phase transition of PCM, this contribution focusses on a purely phenomenological 
(data-based) approach without consideration of physical processes inside the PCM. An example 
can be found e.g. in Goia et al. 2018, where different phenomenological phase transition models 
are implemented in two different building simulation software (EnergyPlusTM and 
Wufi
®
Pro/Plus). These models are defined by enthalpy-temperature curves. The curves are 
derived from the PCM heat capacity data obtained from a differential scanning calorimetry 
(DSC) for complete melting and solidification. Similar phenomenological models were 
implemented in COMSOL Multiphysics
®
, see e.g. Biswas et al. 2018, and Hu and Heiselberg 
2018. An alternative phenomenological modelling approach for the consideration of hysteresis 
was proposed by Gowreesunker and Tassou 2013 and implemented in ANSYS Fluent 
(Kumarasamy et al. 2017). The so called ’source term’ approach uses a heat source term in the 
PCM energy balance equation model to represent the latent heat during phase change. Similar as 
for the enthalpy-temperature curves, the model of the source term is derived from DSC heat 
capacity data obtained for complete melting and for complete solidification. All mentioned 
approaches are restricted to the analysis of hysteresis effects for complete melting and 
solidification experiments. The models realize (or track) enthalpy-temperature transition curves 
identified either for complete melting, complete solidification, or an average between both 
curves. The main drawback of the so called ’curve track’ models is its poor performance when 
applied to predict phase transition behaviour with hysteresis for partial melting and 
solidification, see e.g. Diaconu and Cruceru 2010; Moreles et al. 2018; Gasia et al. 2018; Goia 
et al. 2018.  
Because of this reason, based on experimental findings, an extension of the ’curve track’ model 
was proposed by Bony and Citherlet 2007 which realizes a switch from one transition curve to 
the other for direction changes in the temperature during incomplete phase transitions (so called 
’curve switch’ model). This approach was taken up by Rose et al. 2009, and was also 
implemented in NRGsim, a custom sub-routine developed for EnergyPlus
TM
. Moreover, 
Diaconu et al. 2010 found experimentally that the hysteresis magnitude decreased in the case of 
temperature cycling inside the PCM phase transition temperature range. They also found that 
the temperature history influences the enthalpy values. A phenomenological model which 
accounts for different hysteresis magnitudes for cycles within the PCM phase transition 
temperature range, and which makes use of the temperature history was presented recently by 
Barz and Sommer 2018. It can be applied for the prediction of phase transitions during 
consecutive partial melting and solidification and is referred to here as ’curve scale’ model.   
This contribution adopts the ‘curve scale’ modelling approach and presents a workflow for the 
identification of corresponding phase transition models for industrial-grade solid/liquid PCMs. 
The model is directly identified from PCM heat capacity measurement data. If the data contains 
information on temperature ranges with coexisting phases and hysteresis in the temperature 
induced phase transitions these phenomena are directly accounted for. The steps for model 
identification are presented and exemplarily applied to commercial PCM from Climator Sweden 
AB. It is also discussed how the model can be used to compute apparent (effective) PCM 
properties in the phase transition temperature range, i.e. specific heat, density and thermal 
conductivity. Finally, simulation studies illustrate how the consideration of hysteresis affects the 
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2. The two-phase model and apparent PCM properties  
Phase transitions are modelled based on the general assumption, that the overall structure of the 
PCM can be approximated by two phases, a solid and a liquid phase. For technical grade PCM 
the phase change does not occur at an exact temperature, but rather within a specific 
temperature range. This means that it is assumed that the two phases coexist during solid/liquid 
phase transition and allows to approximate the overall structure of the PCM by one 
characteristic parameter        , 
  
  
     
 Eq. 1 
 
denoting the (liquid mass) phase fraction, and    and    are the masses of solid and liquid 
phase, respectively. 
Within the phase transition temperature range the PCM thermophysical properties are modelled 
by a linear superposition of contributions from pure solid and pure liquid PCM properties. This 
superposition gives so called ’apparent’ (or effective) PCM properties. These apparent 
properties are denoted here by the symbol ‘~’. The apparent density  ̃ and thermal conductivity 
 ̃ property models read: 
 ̃       (   )     Eq. 2 
 
 ̃       (   )     Eq. 3 
 
and the phase fraction   is used to compute the weights of the contribution from pure liquid and 
solid. In the same way, the apparent specific heat capacity  ̃ is given by a linear superposition of 
pure liquid and solid heat capacity as well as the latent heat (Δh) released or absorbed in the 
phase transition region (Gaur and Wunderlich 1981): 
 ̃      
  (   )  
 
⏟     






           
 Eq. 4 
 
Enthalpy-temperature relations  ( ) are obtained by integration: 
 ( )   (    )  ∫  ̃( )
 
    
   Eq. 5 
 
where it is assumed that      is much smaller than the temperatures defining the phase transition 
temperature range.  
 
3. PCM phase transition models 
The phenomenological modelling approach is based on the determination of complete phase 
transitions (between solid, with phase fraction    , and liquid, with    ).  
3.1 Complete phase transitions  
Most simple models for complete phase transitions assume that the phase fraction is a direct 
function of temperature:    ( ).  
Assumption: It is assumed that   monotonously increases with rising temperature 
  and that the transition from     to     is smooth.  
Eq. 6 
 
Following the assumption above, cumulative distribution functions seem convenient to be used 
to model phase transitions: 
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 ( )  ∫  ( )
 
  
               ∫  ( )
 
  
     Eq. 7 
 
where  ( ) is a (continuous) probability distribution function (PDF), and  ( ) is the 
corresponding cumulative distribution function. There is a variety of distribution functions with 
different shapes (see e.g. Croarkin and Tobias 2006) which can be parametrized by a relatively 
small number of location and shape parameters. This is especially useful when fitting phase 
transition models to experimental data by numerical solution of a nonlinear regression problem. 
In this contribution, the Gumbel Minimum distribution    and its cumulative distribution 
function are used: 
  (     )  
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where   is the temperature in K, and  ,   are the respective location and shape parameters. The 
Gumbel Minimum distribution was found useful for representing the asymmetric peak of the 
studied ClimSel PCM.  
3.2 Incomplete phase transitions with hysteresis 
The phase transition model in Eq. 7 is able to predict phase transitions where the PCM 
undergoes either complete solid-to-liquid phase change described by     ( ), or complete 
liquid-to-solid phase change described by     , see Eq. 9.  
 ( )      ( ) 
 ( )      ( ) 
       for complete melting 
       for complete solidification 
Eq. 9 
 
The model does not account for incomplete phase transitions. This means that switches between 
heating and cooling operation while the material is still within the phase transition range (phase 
transition is not completed), do not result in a change of the phase transition curve. 
The studied ’curve scale’ hysteresis model, taken from Ivshin and Pence 1994, is completely 
defined by     ( ) and     ( ). The decision on the model to be used depends on the sign of 
the temperature rate. This means that there exists one model ‘for heating’ with    (     )  
 , and one model ‘for cooling’ with    (     )   . As the name suggests, after changes in 
the direction of the temperature rate during incomplete phase transitions, both models scale the 
transition functions. The scaling depends on the pair of values (     ) at the last switching 
point, with     (  ). The hysteresis model reads: 
   (     (
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4. Identification of phenomenological phase transition models with hysteresis  
In the following, a workflow for the derivation of phase transition models from PCM heat 
capacity data is proposed and applied to model two commercial PCM.   
4.1 Workflow for the model identification  
The proposed workflow is shown in Figure 1. 
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Figure 1. Proposed workflow for the identification of phenomenological phase transition models with hysteresis and 
the computation of PCM properties during partial melting and solidification.  
 
It is assumed that PCM specific heat capacity data is available (as partial enthalpies) for the 
phase transition temperature range, see step (1) in Figure 1. This data is usually provided by the 
manufacturer, i.e. in the PCM datasheets. In step (2), the plots showing partial enthalpies over 
temperature are analysed and two suitable (ansatz) functions are chosen, which can reproduce 
the observed characteristics of the enthalpy peak for heating (melting) and cooling 
(solidification) in the phase transition temperature range. The focus for the selection should be 
on the reproduction of (possibly) asymmetric peak shapes, i.e. left-skewed, right-skewed. 
Moreover, bimodal or even multiple modes might be considered by superposition of two, or 
multiple transition functions. In step (3), the apparent specific heat capacity model is used with 
the selected (ansatz) functions. The model is fitted (individually) to the partial enthalpy data for 
heating and cooling. This fitting might be performed by numerical solution of a non-linear 
regression problem. The results are the sensible and latent heat, and additional parameters of the 
(ansatz) functions. In step (4), the cumulative (ansatz) functions are used to define the phase 
transition models for complete melting and solidification. In step (5), these phase transition 
models are combined with the hysteresis model in Eq. 10. The hysteresis model is then used to 
predict phase fraction evolutions for arbitrary, complete and incomplete melting and 
solidification processes. Finally, in step (6), the PCM properties are computed from temperature 
and corresponding phase fraction values.  
 
4.2 Application of the workflow for PCM ClimSel C58 and C48 
The workflow in Figure 1 is exemplarily applied for modelling two commercial PCM, namely 
ClimSel C58 and C48 from Climator Sweden AB.  
Step (1): Partial enthalpy data as given in the PCM data sheets are depicted by triangles in 
Figure 2 (left) and Figure 3 (left).  
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Step (2): Gumbel Minimum distribution    in Eq. 8 is chosen as an (ansatz) function. The 
fitting parameters are   and  .  
Step (3): Using Gumbel Minimum distribution, the apparent specific heat capacity model is 
fitted to the partial enthalpy data. For ClimSel C58, the following regression parameters are 
found: for heating       °C,    .64; for cooling       °C,   0.55. The estimated heat 
capacity and latent heat values are:   
   .7 kJ/(kg·K),   
   .2 kJ/(kg·K) and     200.7 
kJ/kg. For ClimSel C48, the following regression parameters are found: for heating       °C, 
  2.26; for cooling       °C,   0.84. The estimated heat capacity and latent heat values 
are:   
  6.8 kJ/(kg·K),   
  3.3 kJ/(kg·K) and     97.5 kJ/kg. The results, i.e. the fitting 
functions are shown in Figure 2 (left) and Figure 3 (left) as continuous lines. Moreover, Figure 
4 shows details for the fitted apparent specific heat capacity model for ClimSel C48, namely the 
contributions from sensible and latent heat.   
 
   
Figure 2. Fitting partial enthalpies for ClimSel C58 (data taken from Climator Sweden AB). Peak data for heating and 
cooling is fitted individually. Left: Fitting functions for apparent specific heat capacity. Right: The corresponding 
phase transition functions for heating      and cooling      using Gumbel Minimum distributions.  
 
   
Figure 3. Fitting partial enthalpies for ClimSel C48 (data taken from Climator Sweden AB). Peak data for heating and 
cooling is fitted individually. Left: Fitting functions for apparent specific heat capacity. Right: The corresponding 
phase transition functions for heating      and cooling      using Gumbel Minimum distributions.  
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Figure 4. Details on the fitting of heat capacity data for ClimSel C48 as shown in Figure 3. Results are shown for 
cooling data only, for the apparent specific heat capacity  ̃, the weighted liquid     
 , and the weighted solid (  
 )  
  heat capacity, see Eq. 4.  
Step (4): Using the identified Gumbel Minimum distribution parameters the cumulative 
distribution is used to compute the evolution of the phase fractions during complete melting 
(heating) and solidification (cooling). The results are shown in Figure 2 (right) and Figure 3 
(right).  
Step (5): The hysteresis model is now completely defined by      and     . Figure 5 (left) and 
Figure 6 (left) show the predicted phase fractions for PCM temperature variations (consecutive 
heating and cooling) starting from a solid PCM state and finally reaching the liquid state. 
Switching points between heating and cooling imply a switch between the two models in Eq. 10 
and are marked by a circle and numbered as 1, 2, 3, and 4. Moreover, on the right side of Figure 
5 and Figure 6 the same results in the (   )-plane are shown.  
 
      
Figure 5. Predicted temperature induced phase transitions for ’curve scale’ hysteresis model using identified phase 
transition functions for ClimSel C58. Left below: Applied temperature variations. Switching points between heating 
and cooling are marked by a circle and numbered as 1, 2, 3, and 4. Left above: Predicted phase fraction evolution. 
Right: Predictions in the (   )-plane. Note that time is given in arbitrary units, as the results are independent of the 
rate of temperature variations.  
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Figure 6. Predicted temperature induced phase transitions for ’curve scale’ hysteresis model using identified phase 
transition functions for ClimSel C48. Left below: Applied temperature variations. Switching points between heating 
and cooling are marked by a circle and numbered as 1, 2, 3, and 4. Left above: Predicted phase fraction evolution. 
Right: Predictions in the (   )-plane. Note that time is given in arbitrary units, as the results are independent of the 
rate of temperature variations.  
Step (6): Figure 7 depicts the evolution of the predicted apparent thermal conductivity and 
enthalpy for the consecutive heating and cooling scenario shown in Figure 6 and Figure 5. 
Figure 7 (left) shows the results for ClimSel C58, Figure 7 (right) for ClimSel C48.  
Comparing the predictions for the hysteresis model  (     (     )), and for the simple phase 
transition models for heating     ( ), and cooling     ( ), large differences can be seen in the 
computed values after switching between heating and cooling while still being in the phase 
transition temperature range, i.e. while the phase transitions are incomplete.  
 
       
Figure 7. Predicted evolutions for the apparent thermal conductivity and enthalpy for the consecutive heating and 
cooling scenario shown in Figure 5 and Figure 6. Results are shown for the hysteresis model  (     (     )) in Eq. 
10, and for the simple phase transition models for heating     ( ) and cooling     ( ).  
 
5. Conclusions  
This contribution proposes a generic workflow for the identification of solid/liquid PCM phase 
transition hysteresis models, where the hysteresis in phase fraction originates from positive 
(heating) and negative (cooling) temperature rates and the temperature history. The 
phenomenological modelling approach uses PCM heat capacity data, i.e. partial enthalpies, as 
usually provided in the data sheets of PCM manufacturers.  
In contrast to other works which characterize the phase transition behaviour by enthalpy-
temperature curves  ( ), this contribution uses (liquid mass) phase fraction-temperature curves 
  
Eurotherm Seminar #112 
Advances in Thermal Energy Storage 
 
 9 
 ( ). In doing so, within the phase transition temperature range, all thermo-physical PCM 
properties are modelled by a superposition of pure solid and pure liquid PCM properties, where 
these pure properties are often also available from manufacturer data sheets. The predicted PCM 
properties are then so called apparent (effective) properties, e.g. apparent specific heat capacity, 
density or thermal conductivity. 
The workflow for the identification of phenomenological models seems especially attractive, as:  
- it relies on data which is typically available for commercial PCM, 
- it combines different information for complete melting (heating) and solidification 
(cooling) experiments in one model, 
- it generates a model for the analysis of hysteresis effects during incomplete melting and 
solidification and arbitrary switches between heating and cooling.  
For these advantages, the presented hysteresis model seems especially useful for the 
characterization of latent thermal energy storages with PCM showing significant hysteresis and 
operating under partial load conditions. The effort for the generation of this phenomenological 
model is also small compared to the effort for the development of a mechanistic (kinetic, rate-
dependent) model including complex nucleation and crystal growth mechanisms.  
However, there is also a critical limitation of the hysteresis model used in this contribution: 
- it is a ‘static’ model, which means that it is rate-independent. Thus, increased heating 
rates directly lead to faster melting, but they also result in the same magnitude of the 
hysteresis, contrary to experimental findings, see e.g. Diaconu and Cruceru 2010. 
Because of this (and the assumption in Eq. 6), it is not possible to analyse supercooling, i.e. 
spontaneous release of heat while cooling, using the presented hysteresis model. However, the 
analysis of predicted and experimental PCM temperatures in a latent heat thermal energy 
storage operated under partial load conditions clearly indicate a superior performance of the 
presented hysteresis model when compared to conventional models based on heat capacity data 
for heating or cooling only (Barz and Sommer 2018).  
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